We use the T-matrix method as described by Mishchenko and Mackowski 3Opt. Lett. 19, 1604 1199424 to compute light scattering by bispheres in fixed and random orientations extensively. For all our computations the index of refraction is fixed at a value 1.5 1 0.005i, which is close to the refractive index of mineral tropospheric aerosols and was used in previous extensive studies of light scattering by spheroids and Chebyshev particles. For monodisperse bispheres with touching components in a fixed orientation, electromagnetic interactions between the constituent spheres result in a considerably more complicated interference structure in the scattering patterns than that for single monodisperse spheres. However, this increased structure is largely washed out by orientational averaging and results in scattering patterns for randomly oriented bispheres that are close to those for single spheres with size equal to the size of the bisphere components. Unlike other nonspherical particles such as cubes and spheroids, randomly oriented bispheres do not exhibit pronounced enhancement of side scattering and reduction of backscattering and positive polarization at side-scattering angles. Thus the dominant feature of light scattering by randomly oriented bispheres is the single scattering from the component spheres, whereas the effects of cooperative scattering and concavity of the bisphere shape play a minor role. The only distinct manifestations of nonsphericity and cooperative scattering effects for randomly oriented bispheres are the departure of the ratio F 22 @F 11 of the elements of the scattering matrix from unity, the inequality of the ratios F 33 @F 11 and F 44 @F 11 , and nonzero linear and circular backscattering depolarization ratios. Our computations for randomly oriented bispheres with separated wavelengthsized components show that the component spheres become essentially independent scatterers at as small a distance between their centers as 4 times their radii.
Introduction
The scattering of light by nonspherical particles with sizes comparable to the wavelength of the incident light is a problem of significant importance to many areas of science such as atmospheric and aerosol optics, chemistry, biology, and astrophysics. In the resonance region of particle size parameters, where the Rayleigh and geometric-optics approximations are inapplicable, numerical methods for computing nonspherical scattering must be based on directly solving Maxwell's equations. The majority of computational data on light scattering by resonance nonspherical particles published so far have been obtained by the use of the T-matrix approach. 1 However, all those data pertain to convex or mildly concave single nonspherical particles such as spheroids, 2-5 finite cylinders, 6 and Chebyshev particles, 3, 7 whereas it has been suggested that pronounced concavity of the particle shape or cooperative effects in composite, aggregated particles, or both, might have a strong influence on light scattering. 3, [7] [8] [9] [10] [11] [12] [13] Therefore it is the aim of this paper to study light-scattering properties of the simplest aggregated particlesbispheres 1two-sphere clusters2-extensively. Unlike spheroids and finite cylinders, bispheres are composite particles and, in the case of touching components, have distinctly concave shapes. On the other hand, such particles are still simple enough to allow efficient numerical computations. These two factors make bispheres well suited for an investigation of the role of cooperative effects and concavity in light scattering.
The scattering of light by bispheres has been the subject of several publications 1see, e.g., Refs. 9, 12, and 14 and references therein2. Because of computational difficulties, essentially all published numerical results pertain to bispheres in a fixed orientation with respect to the incident beam. However, in nature small particles are usually distributed over a range of orientations rather than being perfectly aligned. Therefore computations for randomly oriented bispheres seem to be more relevant in application to natural particle ensembles and thus more suitable for deriving conclusions about the effects of particle shape on light scattering.
In a recent paper, we have developed an efficient method for rigorously computing the scattering of light by randomly oriented bispheres with sizes comparable to and larger than the wavelength. 15 The efficiency of our method is the result of combining the power of the superposition approach in treating light scattering by composite particles 8, 9, 14, 16, 17 and the analyticity of the T-matrix formulation in application to randomly oriented nonspherical scatterers. 18 The main idea of the method is to use the superposition approach to calculate the T matrix of a bisphere in the natural coordinate system with the z axis connecting the centers of the component spheres and then to use this T matrix in an analytical procedure to compute the optical cross sections and the elements of the scattering matrix for randomly oriented bispheres directly. Although Ref. 15 presents only a sketch of our computational method, all intermediate steps of the derivation can easily be restored with Refs. 14, 17, and 18. Those papers contain not only the complete compendium of all necessary formulas, but also the detailed discussion of numerical aspects, which facilitates the development of an efficient computer code. As noted in Refs. 15 and 19, different parts of the code and the whole code have been extensively tested versus independent numerical data [20] [21] [22] and general equalities and inequalities that must be satisfied by the elements of the Stokes-scattering matrix, 5, [23] [24] [25] as well as versus the laboratory measurements of Bottiger et al. 26 for randomly oriented micrometer-sized latex bispheres. The excellent quantitative agreement found in all cases allows us to believe that our code produces accurate results. Accordingly, the expected absolute accuracy of the computations of the elements of the scattering matrix reported below is better than 0.001 for all size parameters considered.
In this paper we apply our method to an extensive study of light scattering by randomly oriented bispheres. Specifically, we compute the elements of the scattering matrix and the total optical cross sections for randomly oriented bispheres with touching and separated components and compare these data with analogous computations for single spheres and bispheres in a fixed orientation. This comparison is then used to derive conclusions about the effects of aggregation and concavity on light scattering.
Bispheres with Touching Components in Fixed and Random Orientations
For all our computations we fixed the index of refraction at 1.5 1 0.005i based on the following rationale. First, this index of refraction is close to that of mineral tropospheric aerosols in the Earth atmosphere at visible wavelengths 27 and is, potentially, of practical interest. Second, almost the same refractive index 11.5 1 0.02i2 was used in previous detailed studies of light scattering by randomly oriented Chebyshev particles 3, 7 and spheroids. 2, 3, 5 Because in this paper we extensively examine light scattering by a new class of nonspherical particles, the use of essentially the same refractive index facilitates relevant intercomparison of light-scattering properties of particles of different shape. The only purpose of slightly reducing the imaginary part of the refractive index from 0.02 down to 0.005 is to make the cooperative scattering effects for bispheres somewhat more pronounced.
The transformation of the Stokes vector of the incident light I inc 5 5I inc , Q inc , U inc , V inc 6 into the Stokes vector of the scattered light I sca 5 5I sca , Q sca , U sca , V sca 6 upon single scattering by a nonspherical particle in an arbitrary orientation is described by the 14 3 42 Mueller matrix Z as follows 1Sec. 2.5 of Ref. 232:
where U is the scattering angle 1i.e., the angle between the incident and the scattered beams2 and R is the distance between the scattering particle and the observation point. In Eq. 112, we assume that the Stokes vectors I inc and I sca are specified with respect to the scattering plane 1i.e., the plane through the incident and the scattered beams2. In general, all 16 elements of the Mueller scattering matrix are nonzero and depend not only on the scattering angle, but also on the orientation of the particle with respect to the incident and the scattered beams. For randomly oriented particles with a plane of symmetry 1such as bispheres2, it is more common to use the so-called normalized 1or Stokes2 scattering matrix F given by 28
where C sca is the scattering cross section and the 11, 12 element 1i.e., phase function2 satisfies the normalization condition 1 4p e 4p dVF 11 1U2 5 1. 132
Owing to particle symmetry and random orientation, the normalized scattering matrix has the well-known block-diagonal form 23
so that only eight elements of F are nonzero and only six of them are independent. It is well known 23, 28, 29 that typical features of scattering patterns for monodisperse spherical particles are so-called interference structure and highfrequency ripple, which result in strong oscillations of the optical cross sections and the elements of the scattering matrix with changing size parameter or scattering angle. Examples are given in figure 8 of Figure 11a2 shows the degree of linear polarization for scattering of unpolarized incident light 1i.e., the ratio 2F 21 @F 11 of the elements of the Stokes-scattering matrix2 for monodisperse spherical particles as a function of particle-size parameter and scattering angle. It can indeed be seen that the polarization pattern is a field of sharp local maxima and minima resulting from interference of light diffracted and reflected or transmitted by the particle. 28 Unlike single spheres, bispheres are nonspherical particles, and the elements of the bisphere scattering matrix depend not only on the scattering angle, but also on the orientation of the particle with respect to the incident and the scattered beams. Therefore we must expect that the interference structure for bispheres in a fixed orientation has an additional component that is due to the electromagnetic interaction between the constituent spheres, depends on the bisphere orientation, and is superposed on the singlesphere polarization pattern. Figures 11b2 and 11c2 show the degree of linear polarization 1defined in this case as the ratio 2Z 21 @Z 11 of the elements of the Mueller-scattering matrix2 as a function of the scattering angle and the constituent-sphere size parameter for two orientations of the bisphere axis 1i.e., the line connecting sphere centers2 with respect to the incident beam. In Fig. 11b2 the bisphere axis is perpendicular to the direction of light incidence and the scattering plane is defined as the plane through the incident beam and the bisphere axis and in Fig. 11c2 the bisphere axis is parallel to the incident beam and the scattering plane is an arbitrary plane through the incident beam. These images show that the bisphere polarization is indeed strongly dependent on the particle orientation and reveals much more complicated interference structure than the single-sphere polarization 3cf. Fig. 11a24 . In particular, the lack of axial symmetry for the light-scattering geometry in Fig. 11b2 makes polarization nonzero at 0 and, more noticeably, at 180°scattering angles. Also, the number of local maxima and minima has sharply increased. This means that in addition to the single-sphere interference structure we also have a component due to the cooperative scattering of light from constituent spheres. We should note that resolving the interference structure in Figs. 11b2 and 11c2 required sizeparameter and scattering-angle step sizes of 0.05 and 0.3°, respectively. Figure 11d2 shows the degree of linear polarization 2F 21 @F 11 computed for bispheres in random orientation. Somewhat unexpectedly, one can see a polarization pattern that is very similar to that of single spheres 3Fig. 11a24. The only unequivocal difference is that the amplitudes of local maxima and minima are reduced, whereas the locations of the maxima and minima and their numbers are exactly the same. Fig. 1 . 1a2 Ratio 2F 21 @F 11 of the elements of the scattering matrix as a function of scattering angle and size parameter for monodisperse single spheres. 1b2 Ratio 2Z 21 @Z 11 of the elements of the Mueller matrix as a function of scattering angle and constituent-sphere size parameter for monodisperse bispheres with touching components and axes perpendicular to the direction of light incidence. 1c2 Ratio 2Z 21 @Z 11 of the elements of the Mueller matrix as a function of scattering angle and constituent-sphere size parameter for monodisperse bispheres with touching components and axes parallel to the direction of light incidence. 1d2 Ratio 2F 21 @F 11 of the elements of the scattering matrix as a function of scattering angle and size parameter for monodisperse randomly oriented bispheres with touching components. The vertical axis shows constituent-sphere size parameters. 1e2 Scattering phase function F 11 as a function of scattering angle and size parameter for monodisperse single spheres. 1f 2 As in 1e2 but for monodisperse randomly oriented bispheres with touching components. The vertical axis shows constituent-sphere size parameters. 1g2 Ratio F 33 @F 11 of the elements of the scattering matrix as a function of scattering angle and size parameter for monodisperse single spheres. 1h2 As in 1g2 but for monodisperse randomly oriented bispheres with touching components. The vertical axis shows constituent-sphere size parameters. 1i2 Ratio F 22 @F 11 of the elements of the scattering matrix as a function of scattering angle and constituent-sphere size parameter for monodisperse randomly oriented bispheres with touching components. 1 j2 Ratio F 44 @F 11 of the elements of the scattering matrix as a function of scattering angle and constituent-sphere size parameter for monodisperse randomly oriented bispheres with touching components. 1k2 Ratio F 34 @F 11 of the elements of the scattering matrix as a function of scattering angle and size parameter for monodisperse single spheres. 1l2 As in 1k2 but for monodisperse randomly oriented bispheres with touching components. The vertical axis shows constituent-sphere size parameters. This means that averaging over bisphere orientations largely washes out the second component of the interference structure and also makes the singlesphere interference structure slightly less pronounced. Figures 11e2 and 11f 2 show the scattering phase function 3i.e., the 11, 12 element of the Stokes-scattering matrix4 computed for single spheres and randomly oriented bispheres, and Figs. 11g2-11l2 
The only obvious indications of nonsphericity and cooperative scattering for bispheres are the deviation of the ratio F 22 @F 11 from unity, the deviation of the ratios F 33 @F 11 and F 44 @F 11 from 21 at 180°scattering angle, and the inequality of the ratios F 33 @F 11 and F 44 @F 11 . The inequality is especially noticeable at backscattering angles. Two quantities that are usually considered sensitive indicators of particle nonsphericity are the linear and the circular depolarization ratios defined as 30, 31 
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The linear depolarization ratio applies to the case of fully linearly polarized incident light and is the ratio of the cross-polarized component of the backscattered signal relative to the copolarized component. The circular depolarization ratio refers to the case of fully circularly polarized incident beam and is the ratio of the same-helicity component of the backscattered intensity relative to the opposite-helicity component. For spheres, d L ; 0 and d C ; 0. The depolarization ratios for randomly oriented bispheres are shown in Fig. 4 . It can be seen that both d L and d C can be substantially greater than zero, especially the circular depolarization ratio. Both depolarization ratios go to zero in the limit of zero size parameter and reach maximum values at size parameters from approximately 16 to approximately 23. In the entire interval of size parameters from 0 to 30 the circular depolarization ratio is greater than the linear depolarization ratio. This result is in full agreement with the general inequality d C $ 2d L , which is a universal characteristic of light scattering by randomly oriented rotationally symmetric particles. 32 Interestingly, the size-parameter dependence of both ratios is fully correlated: even though the ratio d L @d C is not a size-parameter-independent constant, local maxima and minima for d L occur at exactly the same size parameters as those for d C . This strongly suggests that there is a unique relationship between the linear and the circular depolarization ratios, as discussed in Ref. 32 . Figures 5 and 6 show ratios of the total optical cross sections, single-scattering albedo, and asymmetry Fig. 2 . Phase function and degree of linear polarization for a single sphere 1thin solid curves2, randomly oriented bispheres with touching components 1thick solid curves2, and randomly oriented bispheres with distance between sphere centers equal to 3 1dotted curves2 and 4 1dotted-dashed curves2 times their radius. The size parameter of the single sphere and the bisphere components is equal to 5. parameter of the phase function for randomly oriented bispheres relative to those for single spheres with size equal to the size of the bisphere components. Interestingly, all these ratios are nearly constant at size parameters exceeding 10. The ratio of the extinction cross sections shows both high-frequency ripple and low-frequency oscillations. However, the amplitude of the oscillations is small, and the entire curve for size parameters exceeding 6 is close to 1.8-1.85. The ratio of the orientationally averaged geometric cross section of a bisphere and the geometric crosssection of a sphere with size equal to the size of the bisphere components is equal to 1.849. Therefore, in the geometric-optics limit the ratio of the bisphere and single-sphere extinction cross sections must be equal to this value of 1.849. The extinction curve in Fig. 5 shows a distinct trend toward that limit with increasing size parameter. However, it is interesting that the extinction ratio is close to the geometricoptics limit even for as small a size parameter as 7.
Despite a small-amplitude high-frequency ripple, the ratio of the absorption cross sections is close to 2 at the entire range of size parameters, indicating that absorption cross section is nearly proportional to the particle volume. However, if the imaginary part of the refractive index is nonzero, then in the limit of infinite size parameter all light refracted into the particle is absorbed and does not escape. Therefore we should expect that the ratio of the bisphere and single-sphere absorption cross sections should decrease with increasing size parameter and approach the geometric cross-section ratio of 1.849. This trend can indeed be seen in Fig. 5 .
The single-scattering albedo ratio is especially size parameter independent for size parameters larger than 1 and varies within a very narrow range of 1 6 0.02 1Fig. 62. The asymmetry parameter ratio is also close to 1. However, all ratios but the absorption cross-section ratio rise substantially as the size parameter becomes less than 2, which demonstrates the increasing influence of cooperative scattering effects for smaller particles. 
Polydisperse Randomly Oriented Bispheres with Touching Components
In Section 2 we discussed light-scattering properties of monodisperse bispheres. It is well known that the main effect of averaging light-scattering characteristics over a particle-size distribution is to wash out the interference structure and ripple inherent in lightscattering patterns of monodisperse particles. 28 This effect facilitates comparison of light-scattering properties of particles with different shapes and is demonstrated in Fig. 7 , in which the dotted and the solid curves show the elements of the Stokesscattering matrix for a power-law size distribution of spheres and randomly oriented bispheres, respectively, computed at a wavelength l 5 0.6283 µm. Table 1 shows the corresponding total optical cross sections, single-scattering albedos, asymmetry parameters, and depolarization ratios. The power-law distribution is given by n1r2~r 23 , r [ 3r min , r max 4, with minimum and maximum radii chosen such that the effective variance of the distribution v eff equals 0.2 and the effective radius r eff equals 1 µm. The effective radius r eff and effective variance v eff are defined by equations 12.532 and 12.542 of Ref. 28 and have been shown in Refs. 5 and 28 to be the main characteristics of any physically plausible size distribution of spherical and nonspherical particles as far as light-scattering properties of particle polydispersions are concerned. Figure 7 shows that the angular dependence of the elements of the scattering matrix for bispheres is similar to that for single spheres with effective size parameter equal to the effective bisphere monomer size parameter. The ratios 2F 21 @F 11 and F 34 @F 11 of the elements of the scattering matrix for bispheres and single spheres are especially close. The phase functions are also close to one another except at scattering angles less than 10°, where the bisphere intensity is nearly twice that for single spheres because of constructive interference of light singly scattered by bisphere components in the forward direction. The single-scattering albedos and asymmetry parameters are essentially identical, the bisphere absorption cross section is roughly equal to twice the single-sphere absorption cross section, and the ratio of the extinction cross sections is 1.777, which is slightly less than the geometric-optics limit of 1.849. Again, manifestations of particle nonsphericity for bispheres are nonzero backscattering depolarization ratios, differences in the ratios F 33 @F 11 and F 44 @F 11 , and the departure of the ratio F 22 @F 11 from unity.
For comparison, the dotted-dashed curves in Fig. 7 show the elements of the scattering matrix for an equivalent power-law distribution of randomly oriented prolate spheroids with an aspect ratio of 2 and the same refractive index 1.5 1 0.005i. The effective variance of the size distribution is v eff 5 0.2, and the effective equal-volume-sphere radius is r eff 5 1 µm. It is seen that, unlike the case for bispheres, the spheroidal phase function exhibits an enhanced side scattering and suppressed backscattering, and the degree of linear polarization is positive at scattering angles around 120°. Based on laboratory measurements for irregular particles 33 and nearly cubically shaped salt grains 34 and on theoretical computations for spheroids, 2, 3, 5, 35 these features are usually considered characteristic attributes of nonspherical scattering. Spherical-nonspherical differences in the ratios F 22 @F 11 , F 33 @F 11 , F 44 @F 11 , and F 34 @F 11 are also larger for spheres and spheroids than for spheres and bispheres.
Monodisperse Randomly Oriented Bispheres with Separated Components
So far, we have discussed light scattering by bispheres with touching components. With increasing separation between constituent spheres the influence of cooperative scattering should diminish and ultimately vanish, except at exactly the forward-scattering direction. Our computations for bispheres with increasing distance between sphere centers demonstrate that this is indeed the case. As an example, Figs. 2 and 3 show the phase function and the degree of linear polarization for single monodisperse spheres and for randomly oriented monodisperse bispheres with touching and separated components. It can be seen that for essentially all scattering angles the curves for bispheres with separated components lie between the curves for single spheres and bispheres with touching components and are much closer to the single-sphere curves. In fact, it is surprising that as small a distance between the sphere centers as 4 times their radius makes the bisphere phase function and linear polarization almost identical to those of a single sphere, which means that the component spheres have become essentially independent scatter- ers. The only exception is the direction of forward scattering, where the interference of light scattered by the bisphere components nearly doubles the phase function as compared with that for a single sphere.
Discussion and Conclusions
We have demonstrated that the scattering pattern for monodisperse bispheres with touching components in a fixed orientation is more complicated than that for single monodisperse spheres because of the additional component of electromagnetic interactions between the constituent spheres. However, averaging over the uniform orientation distribution largely washes this additional component out. The net effect of aggregation-shape concavity and random orientation for bispheres appears to be a somewhat smoothed single-sphere scattering pattern. The only distinct manifestations of nonsphericity and cooperative scattering effects for randomly oriented bispheres are the departure of the ratio F 22 @F 11 from unity, the inequality of the ratios F 33 @F 11 and F 44 @F 11 , and nonzero linear and circular backscattering depolarization ratios. On the other hand, despite their overall asphericity, polydisperse randomly oriented bispheres 1Fig. 72 do not exhibit such characteristic features of nonspherical scattering as a considerably enhanced side scattering and suppressed backscattering as well as positive polarization at side-scattering angles. 2, 3, 5, [33] [34] [35] Thus the dominant feature of the bisphere scattering is the single scattering from the component spheres, whereas the effects of cooperative scattering and concavity play a minor role. Moreover, this role rapidly further diminishes with increasing separation between bisphere components. As a result, the component spheres become essentially independent scatterers at as small a distance between their centers as 4 times their radii.
To explain these results we note that the effects of clustering will manifest themselves in scattering by virtue of two mechanisms, namely, near-field interactions and far-field-dependent scattering 1i.e., interference between the far-field-scattered amplitudes from each sphere2. For relatively larger size parameters the effects of dependent scattering between the spheres would be expected to largely cancel on orientation averaging, except at exactly the forwardscattering direction, where the interference of light singly scattered by the bisphere components is constructive regardless of the bisphere orientation. Indeed, preliminary calculations of pure dependent scattering between the spheres 1in which the spheres are taken to be uncoupled in the near field, leading to T i j 5 A i d i j in equation 7 of Ref. 152 indicate that this is the case. The dominant effect of clustering is thus likely the result of near-field interactions. However, because large spheres scatter predominantly in the forward direction, the coupling between the spheres would have the greatest effect only for orientations in which the cluster is near parallel with the incident radiation direction. Since this specific orientation represents a relatively small fraction of all orientations, the effect of interactions will be significantly reduced on orientation averaging. In accordance with this explanation, we should expect a more pronounced influence of cooperative scattering effects for particles having sizes smaller than the wavelength and thus scattering nearly isotropically. Indeed, this increased influence can be clearly seen in Figs. 5 and 6 as a significant rise of the extinction and scattering cross sections, the single-scattering albedo, and the asymmetry parameter of the phase function as the size parameter becomes smaller than 2.
Our results are in full agreement with the conclusions of Bottiger et al., 26 derived on the basis of laboratory measurements of light scattering by randomly oriented aggregates consisting of attached polystyrene spheres. They also noticed that the singleparticle Mie structure was clearly evident, albeit somewhat less pronounced, in their measurements for randomly oriented aggregated particles and that the deviation of the ratio F 22 @F 11 from unity provided the most unequivocable evidence for the nonsphericity of the aggregates. Differences between the ratios F 33 @F 11 and F 44 @F 11 were also noticeable, especially at backscattering angles.
Based on our results, we may anticipate that the most important factor in light scattering by a fewcomponent cluster would be the shape of the component particles. It should be mentioned in this regard that ray-tracing computations of Macke 36 for big, randomly oriented ice crystal aggregates in the form of bullet rosettes also demonstrate that the scattering phase function for the aggregate is essentially identical to that for a single randomly oriented bullet. This has led Macke to the conclusion that multiple scattering between bullets in the aggregate plays no significant role in the overall scattering from the aggregate.
